Mechanosensing, the ability of cells to perceive and interpret the microenvironmental biophysical cues (such as the nanotopography), impacts strongly on cellular behaviour through mechanotransductive processes and signalling. These events are predominantly mediated by integrins, the principal cellular adhesion receptors located at the cell/extracellular matrix (ECM) interface.
INTRODUCTION
A complex crosstalk between cells and their microenvironment, i.e. the extracellular matrix (ECM), governs the development and maintenance of multicellular tissues. The biophysical properties of the microenvironment were therein identified as critical factors for the regulation of many cellular responses, such as proliferation, migration, and differentiation. The ECM is a complex meshwork of intertwined macromolecules (with protein and sugar components) characterised by the presence of fibrillary and reticular structures, pores and asperities at the nanoscale. The configurations can be relatively ordered, as e.g. in fibrillary collagen-dominated ECM, or instead rather disordered, as in basement membranes or brain ECM. However, on the local nanoscale level often irregularities, anisotropies and density gradients are present [1] [2] [3] [4] [5] [6] .
In recent years, it became evident that mechanical stimuli of the ECM, such as rigidity and/or spatial organisation and dimensionality of adhesion sites (e.g., in terms of geometry and topography), alter intrinsic cellular properties, such as the actin cytoskeletal organisation/mechanics and the signalling status [7] [8] [9] [10] .The intricate processes through which the cell perceives and reacts to mechanical and structural stimuli in its microenvironment were termed mechanosensing and mechanotransduction [11] [12] [13] [14] [15] [16] [17] [18] .
Mechanotransductive processes are involved in virtually all aspects of the cellular life and tissue organisation [11] [12] [13] [14] [15] [16] [17] [18] [19] and aberrations in components that participate to mechanosensing and mechanotransduction have been linked to various diseases, in particular in cancer and metastasis. A detailed comprehension of how biophysical ECM characteristics modulate mechanotransduction would promote new approaches for treatments of diseases, drug therapies or diagnostic approaches, exploiting and targeting identified mechanotransductive key regulators or structures 11, [20] [21] [22] [23] [24] [25] .
Cells sense the biophysical microenvironmental information at the nanoscale, and the nanotopography emerged as a crucial parameter in the regulation of mechanotransductive processes and signalling [7] [8] [9] [26] [27] [28] [29] . The mechanotransductive pathway is primarily mediated by specific transmembrane proteins, called integrins, and modulated by the extent to which these integrins cluster together into integrin adhesion complexes (IACs) and mature into bigger structures, such as focal complexes and focal adhesions (FAs). The extent of integrin clustering and FA maturation, in turn, depends on the force loading within the so-called molecular clutches of nascent adhesions, i.e. the initial connection of the ECM-binding integrins to forces generated by the actin cytoskeleton via adaptor proteins (in particular talin and vinculin). The spatial organisation of integrin adhesion sites (ligands) exerts a fundamental influence on the integrin clustering and eventually on cellular behaviour and responses. These effects are mediated in particular through the principal elements of mechanotransductive signalling, such as RhoGTPases, the actin cytoskeleton and mechanosensitive transcription factors (e.g., YAP) [11] [12] [13] [14] [15] [16] [17] [18] [19] .
However, a better understanding and quantification of the dynamics in the cell/microenvironment interface and the force development in the early steps of cellular mechanosensing in response to different topographical stimuli is required. In particular, although the presence of nanotopographical disorder (due to the impact on the spatial distribution of integrin ligands) has been shown to have a strong influence on protein adsorption, cell adhesion, integrin clustering and differentiation 7, 30, 31 , the systematic characterisation of the influence of disordered configurations with different nanoscale three-dimensional features is still in its infancy.
To unravel the molecular mechanisms of cellular mechanosensing and the mechanotransductive responses it provokes in the cells, versatile biophysical approaches are essential 10, 17, 29, [32] [33] [34] [35] [36] [37] [38] [39] . Smart biomaterials with complex structural architectures and/or tuneable physical properties are needed to create controllable cellular microenvironments that mimic the in vivo ECM situation 7, 29, 32, 34, 35 . In addition, sophisticated techniques are required that enable the mapping of mechanobiologically relevant alterations in cells 17, 33, 36 .
In this context, atomic force microscopy (AFM) represents a powerful tool due to its capacity to allow an accurate probing of cell surfaces, determining cellular mechanical properties [40] [41] [42] [43] (and mechanotransduction-related alterations [44] [45] [46] , and measuring adhesion forces down to the single-molecule contribution 36 . The standard techniques used to test the cellular adhesion properties are Single-Molecule Force Spectroscopy (SMFS) 47 and Single-Cell Force Spectroscopy (SCFS) 48 , 49 . SMFS consists in a functionalisation of the AFM probe (e.g., coating with ECM proteins) in order to permit the interaction with specific transmembrane proteins. SCFS instead uses the cell itself as a probe (attached to the cantilever) that interacts with the substrates of interest (including other cells).
SCFS has been widely used to study in detail the cooperative action of integrins in early cellular adhesion to fibronectin or collagen [50] [51] [52] and their connection to internal cellular biochemical signalling 53 . This technique has furthermore been exploited to test the biocompatibility of materials for implants in orthopaedic surgery 54 , or the role of ligand spacing in the cell adhesion using substrates decorated with suitably functionalised nanoparticles, separating integrin ligands with different specific distances 55, 56 . A limitation of SCFS, as explained in detail by Naganuma 57 , is that the actual contact area between the cell and the substrates cannot be measured. As a matter of fact, the cell, once captured and immobilised on the tipless cantilever, will evolve its own adhesion on the probe itself, changing its morphology during time and with it the adhesion properties. These dynamics will introduce a bias in the force spectroscopy experiment and, since different cells behave differently, make results less comparable between each other.
To address these issues, we propose a reversal of the conventional SCFS approach. Our novel strategy for the study of early mechanotransductive interactions at the cell membrane level is based on the use of functionalised colloidal probes (CPs) mimicking the peculiar nanoscale topographical features of in vivo ECM for force spectroscopy experiments on living cells. The probes represent the source for the mechanical cues regulating the cascade of the mechanotransductive events. By inverting the typical cell-microenvironment interaction geometry ( Figure 1 ), we take in particular control over the cell/substrate contact area, and obtain a more accurate assessment of the forces and molecular interactions that develop at the cell membrane during the early mechanotransductive events.
Our technological approach for the fabrication of nanotopographical surfaces consists in growing a cluster-assembled thin film of nanostructured zirconium oxide (ns-ZrO2, zirconia) with disordered, yet controlled, topographical features by means of supersonic cluster beam deposition (SCBD) [58] [59] [60] . Zirconia is a biocompatible material used in various clinical application, particularly for its chemical inertness and structural properties 61 . SCBD is an additive technique and the disordered surface morphology of the deposited films is characterised by nanoscale roughness and other morphological parameters, like the surface area or the correlation length, which can be accurately tuned and reproduced by controlling the film thickness through the deposition time 62 .
The obtained disordered nanostructured films possess nanotopographical features that resemble those that can be observed in in vivo ECM (e.g. in basement membranes or in the brain 5, 6 ) and with nano-3D configurations (in terms of asperity dimensionality and distances) that have a potential to modulate integrin-dependent mechanotransductive processes and signalling 30, 44, 58, [63] [64] [65] [66] [67] ( Figure 1a ). Indeed, also in those ECMs whose structure is dominated by fibrillar features, there are often irregularities at the nanoscale, e.g. in regards to distances and heights of fibres or in the pore sizes of reticular, crosslinked structures, which are well represented by the nanotopographical features of the ns-ZrO2 6,44 .
Using these nanostructured thin films as substrates ( Figure 1a ), we have recently shown that the interaction of cells, in particular neuronal cells, with the nanotopographical features, impacts decisively on mechanotransductively relevant events, such as FA maturation, cytoskeletal organisation/mechanics and integrin signalling, as well as the cellular program and differentiative behaviour 44, 58, 63, 64, 68 . Instead of plating the cells on the nanostructured substrates, here we exploited the nanotopographical colloidal probes (nt-CPs) to stimulate the cells and to characterise the interfacial integrin dynamics by means of adhesion force spectroscopy ( Figure 1b ). Compared to our previous experiments, this approach provided access to phenomena that occur at the cell-microenvironment interface that would otherwise be buried below the cell body.
To date, only few protocols have been developed to functionalise AFM probe surfaces either with ECM proteins, like collagens, laminins, or cellulose nanofibers 69, 70 or with nanoparticles [71] [72] [73] .
In the former case, natural biomaterials were typically deposited onto CPs, but poor or null control over the nanoscale topography was possible. In the latter case, AFM standard sharp tips were decorated with nanoparticles in order to study their interaction with cells; in other experiments the AFM tip apex was used to model a single nanoparticle 74 . Our nt-CPs were instead used to study the early steps of the cell adhesion to an ECM-mimicking nanotopography with the sensitivity of adhesion force spectroscopy measurements. Following this innovative approach, we were able to follow the temporal evolution of early integrin-related adhesion events at the interface between the cell and a nanotopographical microenvironment at the level of single adhesion events and piconewton force range. To our best knowledge, in this framework of cell/nanotopography interaction such a resolution has not been achieved to date.
MATERIALS AND METHODS

Fabrication and calibration of the colloidal probes
Fabrication of the colloidal probe. The procedure for the fabrication of colloidal probes is based on the approach described in detail in Ref. 75 . Borosilicate glass spheres (Thermo Fisher Scientific), with radius R = 10 ± 1μm, are first cleaned to remove surface contaminants. The cleaning procedure consists in three sequential 60 seconds centrifugations (10.000 rpm) in a 1:1 water and ethanol solutions, carefully replacing the old with new solution after each centrifugation.
The cleaned spheres are then dispersed in toluene and deposited on a microscopy glass slide coated with a thin Au film (with thickness 100 nm) deposited by sputtering. The Au film is used to reduce the capillary force between the sphere and the substrates with respect to that between the sphere and a tipless cantilever 75 (Micromash HQ:CSC38/tipless/no Al, force constant k = 0.02-0.03 N/m). The capture of the sphere by the cantilever is done using the XY motorised stage of the AFM microscope, integrated in the optical inverted microscope. The probe is then transferred in a pre-heated high-temperature oven and kept for 2 hours at 780°C. This temperature is slightly below the softening point of borosilicate glass, which is qualitatively defined as the temperature at which a solid object begins collapsing under its own weight. After two hours, the microsphere is covalently attached to the cantilever. Due to the monolithic character of the resulting CP, any gold residue, as well as other contaminants, can be effectively removed by washing the probe in aqua regia (a mixture of nitric and hydrochloric acids, in a molar ratio of 1:3), or any other aggressive solution.
Determination of the probe radius. The characterisation of the CP radius is performed by AFM reverse imaging of the probe on a spiked grating (TGT1, Tips Nano), as detailed in Ref. 75 to the data. The evaluated probe radius has an accuracy as good as 1%.
Calibration of the cantilever spring constant. The spring constant is calibrated using the thermal noise method 76, 77 where a special correction factor is applied in order to take into account the relevant dimension and mass of the glass sphere 78 . For large CPs, the conditions that both dimension and mass of the sphere are small compared to length and mass of the cantilever are not always satisfied. Since the mass of the microsphere scales with the cube of the radius R, beads with radii larger than 5 μm possess a mass comparable to the mass of the cantilever, and in some cases, especially with stiffer, shorter cantilevers, even larger. These conditions lead to the failure of the assumption that the mass of the cantilever is uniformly distributed along its length, resulting in an underestimation of the spring constant.
According to Ref. 78 , it is possible to correct the apparent spring constant 0 ℎ measured by the thermal noise method using the formula:
where ℎ is the corrected spring constant, while for rectangular cantilevers β0 = 0.817. β depends on the reduced mass of the sphere ̃, i.e. the ratio of the mass of the sphere mS to the mass of the cantilever mC, and on the reduced gyration radius of the sphere , proportional to the ratio of the radius R of the sphere to the length L of the cantilever. For small tips, ̃ and ̃ are negligibly small, and  = 0, therefore ℎ = 0 ℎ . In our case, since L = 350 μm, mC = 2.65×10 3 ng, mS = 1.05×10 3 ng, we had ̃ = 0.4 and ̃ = 0.03, therefore corrections were needed.
Production of nanotopographical and reference CPs
Deposition of the ns-ZrO2 film on the CP. For the production of nt-CPs, ns-ZrO2 films are deposited on the colloidal probes exploiting an SCBD apparatus equipped with a Pulsed Microplasma Cluster Deposition of smooth ZrO2 films on the CP. Thin, compact and very smooth coatings of ZrO2 (flat-Zr02) with rms roughness below 1 nm were deposited by ion sputtering on the CPs, in order to produce reference interacting surfaces, without any nanotopographical cues. To this purpose, a Kaufman ion gun (Cyberis 40-f) was used to sputter a Zr target. The produced coating is partially oxidised in the deposition chamber; oxidation further proceeds upon exposure to ambient air.
Force spectroscopy experiments and data analysis
Force spectroscopy. The force spectroscopy experiments were performed using a Bioscope Catalyst AFM (Bruker). During the AFM measurements, the temperature of the medium was maintained at 37°C using a perfusion stage incubator and a temperature controller (Lakeshore 3301, Ohio, USA). The colloidal probes were incubated with the cell culture medium for >30 min at 37°C before the actual measurements.
The deflection sensitivity was calibrated in situ and non-invasively before every experiment by using the previously characterised spring constant as a reference, according to the SNAP procedure described in Ref. 41 The standard approach, i.e. pressing the probe on a stiff surface and measuring the inverse of the slope of the force curve in the contact region, could likely cause contamination of the nt-CP surface and damage of the nanotopographical asperities. Moreover, friction-dependent issues can influence the accuracy of the determination of the deflection sensitivity by the standard contact method, when using large CPs 83 .
Sets of raw deflection versus approaching distance curves were acquired at locations on the cells body selected by means of the optical microscope. The raw curves where converted into force versus distance curves (shortly force curves, FCs), rescaling the deflection axis by multiplication by the deflection sensitivity and the cantilever spring constant, and summing the cantilever deflection to the Z-piezo displacement axis 84 (see Figure 3a ). FCs containing 8192 points each were recorded on cells, with ramp length l = 8 μm, maximum load Fmax = 1 nN and retraction speed at vr = 16
m/s. The pulling speed was kept relatively low to reduce hydrodynamics effects 85 .
To measure the early steps of cellular adhesion, we selected five contact times (cts): 0, 20, 
Cell Culture and preparation for the force spectroscopy experiments
As cellular model we used neuron-like PC12 cells (i.e., in particular the PC12-Adh clone, (incubation with a 0.1% PLL solution for 30 min at RT, followed by several washing steps with PBS) and sterilised with UV light for 10 min. After cell plating, the cells were kept overnight in the incubator to guarantee good cell attachment before the force spectroscopy experiments.
For the integrin activation, the cells were pre-incubated with manganese chloride (MnCl2) at a concentration of 1 mM for >10 min before the measurements (the treatment has been labelled Mn 2+ in figures). In case of inhibition of the β1 integrin activity, the cells were pre-incubated with the inhibitory 4b4 antibody (Beckman Coulter) at a concentration of 5 µg/mL for >15 min before the measurements (the treatment has been labelled 4b4 in the figures). The structure and morphology of these cluster-assembled films result from the random stacking and aggregation of impinging nanometer-sized building blocks (the ZrO2 clusters) into larger and larger units. The surface profiles of nanostructured zirconia films are characterised by peaks and valleys (see Figure 4c ), defining a complex random pattern of nanoscale features, whose dimensions and spatial distribution resemble those found in natural ECM topographies 5, 6 . The specific surface area, the rms roughness, the average lateral dimensions of the largest morphological features (the correlation length ξ), as well as the interfacial porosity of the films typically increase with film thickness 59, 60, 89 . The interfacial open pores, delimited and defined by the surface asperities 44 , can accommodate proteins (including fibronectin) and nutrients 31, [89] [90] [91] [92] ; asperities evolve in height, area, and surface charge density 81 .
RESULTS AND DISCUSSION
Characterisation of the nanotopographical colloidal probes
film rq = 15 nm. This particular value of rq was chosen because we recently demonstrated that it induces in PC12 cells mechanotransductive modulations at the level of integrin adhesion complexes and cytoskeleton (Figure 1b ), as well as differentiative events, such as neuritogenesis, and a vast change in the cellular program 44, 58, 64 . Figure 4b ; the cross section highlights distinct peaks and valleys at the nanoscale.
Cell adhesion dynamics at nanotopographical interfaces
To investigate in which way nanotopographical features influence the characteristics of cellular adhesion processes, we performed adhesion force spectroscopy on PC12 cells with four CPs, possessing different types of functionalisation:
1) ns-ZrO2 -coated CP, produced by SCBD, with rq = 15nm (surface: ns-ZrO2).
2) flat ZrO2 -coated CP, produced by ion gun sputtering, without nanotopographical features (surface: flat-ZrO2).
3) borosilicate glass CP (surface: glass).
4) poly-L-lysine -coated CP (surface: PLL).
PLL coatings are routinely used to facilitate protein absorption and cell adhesion to solid surfaces (in particular glass) in biological applications (by providing positively charged sites favouring electrostatic interactions), which represents also the canonical substrate condition for PC12 cell experimentation. In our previous work, we found that the PC12 cells formed FA and stress fibres on the PLL-coated glass and flat zirconia substrates, whereas on the ns-ZrO2 (rq = 15nm) substrate the adhesion sites remained at focal complex dimensions and the stress fibre formation was reduced 44 (Figure 1a ). CPs number 2, 3 and 4 were therefore used as controls.
The dependence on the contact time ct of the measured parameters (maximum adhesion force, work of detachment, number of unbinding events for jumps and tethers) is discussed in the next paragraphs. On the nanotopographical surface, the Fa maximum is reached at 120 s, then adhesion decreases to a value similar to that on flat-ZrO2.
Work of Detachment W. The temporal evolution of the work of detachment W provides additional information about the level of complexity and the maturation of the cellular adhesion ( Figure 5 c,d) . While the trends of W for glass and PLL-coated glass are similar to those of Fa, this is not the case for zirconia surfaces; in this case, while the evolution of Fa was different for the two surfaces, the evolution of W is similar. Moreover, the measured work for both flat and ns-ZrO2 never reaches the value of the PLL-coated glass. Since the work is a force times a distance, a different trend of W compared to Fa can be attributed to either different numbers of bonds (detected as unbinding events), or to different bond lengths, or both.
Mean number of unbinding events Nj, Nt. The mean number of detected unbinding events for cells interacting with different surfaces ( Figure 6 ) revealed distinct differences in the temporal adhesion dynamics between PLL, ns-ZrO2 and flat-ZrO2, in particular with respect to the jump events Nj, which we discuss first (Figure 6a,b) .
The jump events in force curves are predominantly attributed to receptors in the membrane that are anchored to the cytoskeleton (as e.g. integrins in molecular clutches via talin) 48,51-54,93-95 .
PLL-coated glass (Figure 6a ) and ns-ZrO2 ( Figure 6b) show a similar progression of the Nj in the first 20 s (with both reaching 10 events), after which they develop differently. The Nj of PLL reaches a maximum at 60 s, and also later on the cells created significantly more jump adhesion spots on the PLL compared to flat and ns-ZrO2.
In the nanotopographical surface condition, Nj decreases strongly (-53%) from 20 s to 60 s.
Intriguingly, this drop is a recurrent and specific phenomenon that appears systematically for all investigated cells interacting with the nanotopographical surface. In the flat-ZrO2 condition, there is instead a progressive rise of Nj in the first 120 s (reaching 8 events and being always higher than glass).
The evolution of the number of tethers Nt (Figure 6c,d) instead is more similar for all four conditions.
The nature of the tethers has been poorly investigated, but they are usually associated to receptors that are not anchored to the internal actin cortex, which results in membrane extrusion from the cell reservoir [93] [94] [95] . Another hypothesis is that tether events could, at least partially, be related to the unfolding of glycocalyx sugar chains 96 . It has been demonstrated that the tethers do not respond as a catch bond 52 , and also in our experimental set-up they seem to participate in a negligible manner to the maturation of the adhesion (with a generally low contribution to Fa, see Supporting Information, Figure S4 ), showing only minor divergent reactions towards the different surface conditions.
In the following, we will concentrate our attention mainly on the Nj parameter. (c,d) The same as in (a,b) for the mean number of tether events Nt (see Figure 2 for details).
The interaction time window between 20 and 120 s seems to be the most interesting for the dynamics of the adhesion spots on different surfaces, in particular when looking at the combined evolution of the different parameters (e.g., Fa and Nj).
PLL and ns-ZrO2 have a comparable development of Fa from 20 to 60 s, whereas the Nj evolve in a converse manner, i.e. it increases markedly for PLL, and decreases for the nanotopographical surface (Figure 6a,b) . Glass and flat-ZrO2 instead show more moderate alterations.
In order to better investigate these dynamical phenomena, we have calculated the mean adhesion force per jump <Fj> (see Supporting Information for details, Figure S4 ). The result is shown in Figure 7 . 
Adhesion dynamics to the nanotopographical probe are influenced by the availability of activated integrin and depend, at least partially, on β1 integrin
Due to our previous data on the effects of the nanotopography on the configuration of integrin adhesion sites 44 and the interesting chronology of the jump adhesion events and force development observed for the ns-ZrO2 surface, we tested in which way these dynamics towards the nanotopography depend on the integrin activity.
In a first step, we examined how an excess of integrin activation would affect the early adhesion dynamics towards the nanotopographical surface. To this purpose, we activated the integrins with Mn 2+ . This treatment kept the Nj from dropping after 60 s, as it was observed on the ns-ZrO2 surface without Mn 2+ activation (Figure 8a ).
This impact of the abundant availability of activated integrins might be explained by two effects (or a combination of both). In nascent adhesions, Mn 2+ -induced integrin activation is known to increase the density within integrin clusters 98 ; moreover, unligated activated integrins could favour the bridging between separated, but adjacent adhesion sites 99 . In any case, the force loading can be distributed over more active integrins, confirmed by the decrease of mean force per jump event at 60 s due to the Mn 2+ treatment (Figure 8b) , which stabilises the adhesion sites. Furthermore, we treated the cells with an allosteric inhibitory antibody against β1 integrin (4b4), to see how this would impact on Nj at later stages, when integrin clustering strongly manifests (120 and 240 s). As shown in Figure 9 , in the presence of the 4b4, Nj decreased by 42% at 120 s, and by 60% at 240 s. Since β1 integrin represents the most common, but not the only, β integrin subunit, this result demonstrates that the recorded jump interaction events depend, at least partially, on the activation of β1 integrin subunit-containing integrin receptors. This outcome is in line with the involvement of the (β1) integrin activation and signalling in the nanotopographysensitive modulations in PC12 cell mechanotransduction and differentiative behaviour (in particular neuritogenesis) we have previously reported 44, 64 .
Altogether, these results indicate that the availability of activated integrins seems to be an influential regulatory factor for spatial sensing of adhesion sites at the nanoscale. 
Evolution of jump force distribution over time.
For a better understanding of the dynamics of the adhesion force development on the different surfaces, we analysed in greater detail the distribution of the measured strengths of the single jumps at different contact time ct. At ct = 0 s, the distributions of jump forces are similar for all surfaces, with a leading peak detected around 40 pN for zirconia surfaces and 20 pN for glass and PLL (see Table 1 ). The immediate appearance of a force peak in this range is consistent with the recently shown very fast integrin adhesion response (in that case for α5β1 integrin/fibronectin binding) 50 . The range is also compatible with the reported peak tension of single integrin-ligand bonds during initial adhesion 51,100-104 and furthermore, it coincides with the force thresholds for the extension of the talin rod, vinculin recruitment and molecular clutch reinforcement 105 .
With the increase of ct, we observed that on glass and PLL the mean jump force remains almost constant, with the appearance of a minor peak at higher forces around 120 pN (Figure   10a ,c). The distribution of flat-ZrO2 (Figure 10b) is similar, although the peaks are broader and there are more counts at higher forces.
On ns-ZrO2 ( Figure 10d ) the distribution of forces, already after 20 s, shifts towards higher forces, even above 200 pN. High force bonds (>100 pN) appear almost with the same frequency (~45%) as the weaker ones (<100 pN) at every time point (0 s excluded).
Regarding the adhesion force Fa (Figure 5b) , this increased strength of the single jumps actually compensates for the lower number of adhesion spots compared to the PLL-coated glass (in particular at ct = 60 s, see Figure 6a ,b). In other words, on the nanotopographical surfaces the adhesion spots are exposed to higher forces. The decrease of high-force unbinding events on ns-ZrO2 observed at ct = 240 s, with respect to earlier cts, is compatible with the general decrease of the Fa (Figure 5b ).
We point out how the increased occurrence of higher-force events (Figure 7 and 10) happens simultaneously with the drop of Nj (Figure 6a ), which depend on the availability of activated integrins (Figure 8 ), in the ns-ZrO2 condition. This is peculiar, in particular because it happens during the critical time window for nascent adhesion growth and integrin clustering 97 . This temporal course of the nanotopography-specific adhesion dynamics could indicate that too small and/or too separated adhesion sites (critical thresholds for integrin clustering have been determined to be ≥60-70 nm) disintegrate, due to exposure to excessively high forces. Instead, when the conditions are suitable, bigger clusters of integrin form and succeed to reinforce and mature 55, 56, 67, 106, 107 (Figure 11 ). These clusters might need to exceed at least the size of the minimal adhesion unit of a few integrins in sufficiently close, i.e. tens of nanometres, vicinity 99, 108 ; which is consistent with the appearance of the second peak at 120 pN.
These results are compatible with the dimensions of the nanotopographical features and the confinement action at the nanoscale, provided by the small contact area offered by the asperities of the nanostructures and the distance between them.
We have demonstrated previously that the PC12 cells are in contact only with the apical part of the nanotopographical asperities, which restricts the size of the adhesions sites to the nanometric level, and inhibits the maturation of bigger adhesion structures on a larger scale (see Figure 1a ). Figure 1a ) showed that the contact areas between the cells and the asperities of the nanotopography (with a rq = 15 nm) have an average width of 53 nm) between the asperities of the disordered nanotopography effectively oscillate around the critical ligand spacing threshold (≥60-70 nm) 44 . The results reported in this work are consistent with these previous observations, and confirm, at the level of single binding events and at the pN scale, the crucial role of force loading in the molecular clutches in the nascent adhesions to accomplish nanometric spatial sensing of adhesion sites, reported recently by Oria et al. 19 . showed that these dynamics are dependent on the availability of active integrins (see Fig. 8 ). The length scales on the left refers to the morphology of the nt-CP only; the other graphical objects (such as the integrins) are not in scale and also their number is symbolic to visualise the development.
Analyses of TEM images (an example in
CONCLUSIONS
Integrin-mediated mechanosensing and mechanotransduction is regulated by biophysical properties of the cellular microenvironment, such as e.g. the nanotopography of the ECM, as it influences the spatial and geometrical organisation of potential cellular adhesion sites [7] [8] [9] [10] 29 .
However, a precise understanding of the spatiotemporal dynamics and molecular actions in the cell/microenvironment interface during adhesion is still elusive, because these events take place at the nanometre scale and involve pN range forces, whose exploration requires sophisticated methodologies. Moreover, an accurate control over the nanotopographical features of the microenvironment is essential, in order to systematically investigate and precisely assess the influence of the different nanotopographical motifs on the mechanotransductive process.
In this framework, we were able to study and quantify the impact of microenvironmental nanotopography on early cellular adhesion events by means of adhesion force spectroscopy based on novel colloidal probes mimicking the nanotopography of natural ECMs. Our approach merges the sensitivity of AFM-based force spectroscopy 36, 48 with the possibility of controlling the nanotopographical features of the ECM-mimicking substrate provided by Supersonic Cluster Beam Deposition 58 .
Thanks to our innovative approach, we could detect nanotopography-specific modulations of the molecular force loading dynamics and integrin clustering at the level of single binding events, in the critical time window of nascent adhesion formation. Following this approach, we found that the availability of activated integrins is a critical regulatory factor for these nanotopography-dependent dynamics.
Our results are in agreement with the reported importance of force loading 19 for cellular spatial sensing of the microenvironment, and integrin nanocluster bridging between adjacent (tens of nm) adhesion arrays 99 .
In the future, we plan to exploit the fine control of the surface topography of the nanostructured colloidal probes to dissect in more detail the precise role of morphological properties (such as, e.g., roughness, asperities diameter/distance, or correlation length) in spatiotemporal cell adhesion dynamics, in particular focusing the attention on the clustering of integrin adhesion complexes 44 . Nanotopographical colloidal probes could also be used to examine how aberrations in components of the mechanotransductive machinery alter the force loading dynamics of cellular adhesion.
Additional features of nt-CPs make them suitable for the investigation of nanoscale phenomena of nanobiotechnological interest. Due to their large area, nt-CPs allows to optically probe the interaction interface, which is particular useful when using fluorescence microscopy and suitable staining of the actin cytoskeleton to image the focal adhesion spots. Moreover, nt-CPs could be used as nanotopographical templates for carrying out further functionalisations, for example by grafting to the corrugated surface biochemical moieties relevant to mechanotransduction, such as ligands, ECM motifs, etc. Apart from the cell biology framework, we think these probes have a good potential if used in physics of matter experiments, e.g. in the context of nanofriction 109 , DLVO theory 81, 110 or adhesive contact mechanics at disordered, nanostructured interfaces 111, 112 .
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Scaling of the surface roughness of ns-ZrO 2 films
To characterise the growth mechanism of ns-ZrO2 films on colloidal probes (CPs), we dispersed the glass spheres on a flat glass microscopy slide, and deposited ns-ZrO2 films varying the deposition times. We then imaged the coated CP surfaces by AFM in Tapping Mode (probe model: NCHV, Bruker), with relative scan speed of the tip vscan= 2m/s, and we measured the rms roughness rq. The film thickness h was measured on the flat glass surface, in a region close to a sphere, by imaging the ns-ZrO2 film across a sharp step produced by masking the substrate during deposition. By applying a linear regression on a loglog scale to the rq versus h curve (see Figure   S1 ), the value of the growth exponent b can be determined as the slope of the curve, according to the equation ~ ℎ .
According to previous results 1-3 , the b parameter of the cluster-assembled ZrO2 thin films grown on flat substrates is b = 0.368 ± 0.001 on silicon, or b = 0.31 ± 0.09 on glass coated with a monomolecular PAcrAm-g-(PMOXA, NH2, Si) layer 4 . These values are compatible with the prediction of the ballistic deposition growth model (b = 0.32 -0.25), which assumes that clusters impinge with a direction perpendicular to the plane of the substrate, and they do not diffuse significantly upon landing [5] [6] [7] . Higher values can be found when the impinging particles possess a distribution of size and different sticking probabilities.
On nt-CPs, we found b = 0.314 ± 0.017, in agreement with the value measured on flat substrates. Therefore, the curvature of the nt-CPs did not influence the growth exponent. Figure S1 . Scaling of the rms roughness rq of ns-ZrO2 film (i.e. roughness) on the nt-CPs.
Mechanical stability of ns-ZrO 2 films
To test the mechanical stability of the nanostructured coating we used a stiff AFM tapping mode probe (force constant K = 50. 4 N/m) to apply high forces on the thin film, in order to record at witch forces rupture events between ZrO2 nanoparticles take place.
An example of the force curve (FC) with the rupture events detected is shown in Figure S2a , while the rupture forces measured are represented in Figure S2b . Rupture forces are clustered around specific values and it is possible that the higher forces events represent cascade rupture events, where groups of nanoparticles simultaneously detach, while the lower forces represent the tip slipping across a nanoparticle, or small nanoparticles detaching from low-attachment points. The lowest rupture force detected is around F~ 70 nN, that is almost 25 times larger than the highest force measured during the force spectroscopy experiment.
Furthermore, we scanned in Tapping Mode the surface of the contact region of an nt-CP after a whole day of force spectroscopy experiments. The image obtained is shown in Figure S2c 
Statistics and error analysis
For each observable ψFCs extracted by each force curve (FC) a mean value ψcell was evaluated for each cell. The error associated to ψcell was obtained by summing in quadrature the standard deviation of the mean σ ψ of the results coming from the single FCs and an estimated instrumental error σinstrum (σinstrum / ψ = 3%) 8 :
= ∑
where n is the number of force curves per each cell,
The final mean value ψmean representative of the cell population behaviour in a given condition was evaluated as:
where N is the number of cells investigated for the given condition. 
Force curves during contact
To test the stability of the Z-piezo upon contact of the CP with the sample in close-loop mode, we recorded the cantilever deflection as a function of the contact time t, up to t = 240s.
The time-dependent deflection is shown in Figure S3 . On a stiff substrate, a smooth drift is observed (~10nm in 240 s), corresponding to a maximum variation of the applied force of approximately 0.5 nN after 240s. On the cell surface, a similar drift is observed superimposed to small and slow (tens of nm in tens of seconds) fluctuations, due to the adjustment of the cell below the probe, probably accompanied by internal reorganisation of the cytoskeleton 9 . Figure S3 . Representative deflection versus contact time curves.
contribution of the tethers
The evaluation of the tethers contribution to the total adhesion force Fa was evaluated as follow: for each contact time, the mean value of the tethers unbinding force has been evaluated and multiplied by the mean number of tethers Nt per FC, to obtain the tether background adhesion value.
The contribution of the tethers then has been subtracted from the adhesion force Fa, in order to calculate the contribution of the jumps. The obtained total jump adhesion force was eventually divided by the mean number of jumps Nj, in order to calculate the mean adhesion force per jump presented in Figures 7,8 of the main text. Figure S4 . Dependence of the adhesion force on the contact times as in Figure 5 ; in addition, the contribution of the tethers is shown.
We show representative of FCs of the adhesive behaviour of the cells on the different surfaces for contact time ct = 60s with jump events highlighted by black arrows.
It is possible to observe the differences in the adhesion force Fa, work of detachment W, and number of jumps Nj, respectively. In particular, it can be seen how the adhesion on the ns-ZrO2 surface reaches values compatible to the adhesion on the PLL, even in the presence of much less detachment events. 
